Introduction
With two-thirds of single-walled carbon nanotubes (SWNTs) predicted to be direct bandgap semiconductors [1, 2] , photoluminescence (PL) from the recombination of electron-hole pairs at the bandgap is to be expected. Although the SWNT material system has been studied for a decade, it is only recently that bandgap PL was reported, originally for solutions of purified SWNTs individually isolated inside surfactant micelles [3] [4] [5] . Upon illumination, infrared photoluminescence was detected from the nanotubes in solution, and it was determined that the light came from electron-hole recombination at the band edge. Shortly thereafter, we found that bare SWNTs suspended in air also emit bandgap PL [6] . In both cases the key is apparently to isolate the nanotubes, minimizing their interaction with the environment.
The potential for a material to luminescence obviously depends on its intrinsic band structure, but also other internal and external factors. Examples of internal factors include surface reconstructions, dislocations, dopants, and surface or bulk defects. Some external factors include the dielectric environment, electric fields, magnetic fields, and hydrostatic u E-mail: paul.finnie@nrc.ca pressure, as well as any external chemical interactions. These factors may deplete or fill existing bands, or change the band structure entirely. As a result, PL emission energies may be shifted, or PL intensities may be altered, even to the point of quenching the luminescence altogether.
The case of the SWNT material system is particularly interesting since, for SWNTs, all the constituent atoms are on the surface, and they are therefore all exposed to the surroundings. Furthermore, it has already been clearly established that the electronic properties of a nanotube can be affected by its environment [7] [8] [9] . As an essentially direct optical probe of the electronic energy band structure, PL can provide useful, quantitative information about the importance of the interaction of nanotubes with their surroundings. This paper compares PL data obtained for SWNTs in two seemingly very different environments: in air, suspended between pillars on a substrate, and in encapsulating micelles, in aqueous solution.
Experimental details
In the first report of bandgap PL, the SWNTs were synthesized with the high pressure carbon monoxide (HiPCO) process [10] and dispersed in a surfactant solution. This was centrifuged with the resulting supernatant being a solution of individually isolated SWNTs in soap micelles [3] . Subsequently, other surfactant solutions of SWNTs synthesized by laser vaporization and by arc discharge were found be active in PL [5] . In contrast, we isolated nanotubes in air, growing them directly by chemical vapor deposition (CVD) atop pillar arrays on patterned silicon substrates [6, 11] . The pillars, nominally 180 nm in diameter, 300 nm high, and spaced by 400 nm, were prepared on SiO 2 -coated silicon substrates using synchrotron-radiation lithography. To catalyze SWNT growth, a thin layer of iron or cobalt (∼ 1 nm) was evaporated in vacuum, covering all surfaces except the sides of the pillars.
Here, a pure methane CVD process was used to grow SWNTs [12, 13] . Samples were heated to between 800
• C and 900
• C in a flow of argon (300 sccm at 66.5 kPa), after which argon was replaced by methane (300 sccm at 66.5 kPa) for one minute during which the nanotube growth occurs. After growth, the heater was turned off, the gas flow was stopped, the reactor was pumped out, and the samples were removed to air. It is very important to emphasize that the PL from these A scanning electron microscope (SEM) image of SWNTs grown on pillars is shown in plan view in Fig. 1 . The circular structures are pillars viewed from above, and suspended nanotubes are clearly seen extending from pillar to pillar, and from pillars down to the surface below. Because the catalystdeposition process was not selective, there are also many nanotubes lying on the bottom, flat surface. However, in SEM, suspended nanotubes generally show much better geometrical contrast than nanotubes on a surface. Therefore, in this case, only the suspended nanotubes are clearly visible. Photoluminescence is also selective, with luminescence detected from the suspended nanotubes, but not from the nanotubes on the flat surface [6] .
All PL spectra presented here were taken in air at room temperature. The PL was excited with one of two lasers, each in continuous-wave mode, at ∼ 1 mW excitation power. For fixed excitation wavelength, a frequency-doubled YAG laser (532 nm) was used. To create a PL excitation (PLE) map, a tunable titanium-doped sapphire (Ti : sapphire) laser (725 to 837 nm) was used. In both cases an aspheric lens focused the excitation down to a 100 µm diameter spot, which on these samples corresponds to an area containing an ensemble of ∼ 10 4 suspended nanotubes. Evidently the ensembles were relatively homogeneous across the substrate, because with such a large spot size the PL spectra were found to be largely position independent.
The luminescence was collected through the same lens used for excitation and it was dispersed by a single-grating spectrometer (149 grooves/mm, 1250 nm blaze) onto a 512-element liquid nitrogen cooled InGaAs photodiode array, sensitive to wavelengths from the visible to ∼ 1650 nm (0.75 eV). With the spectrometer centered at 1240 nm (1 eV), a spectrum covers the 900-1555 nm wavelength range (0.80-1.38 eV) with a resolution of about 1 nm (∼ 1 meV). Spectra were typically integrated over a 30 s accumulation time. The relatively long integration time was chosen to increase the signal-tonoise ratio; however, the PL was sufficiently bright to be readily detected even using integration times of one second or less.
R e s u l t s
A typical PL spectrum from an ensemble of SWNTs suspended between pillars is shown in Fig. 2 , with excitation at 532 nm. Several peaks are seen, and in general the PL covers an extended infrared energy range. We have demonstrated previously that the PL comes from suspended nanotubes only [6] . No nanotube signal is detected when the laser excitation is focused onto an area where the nanotubes are lying directly on the substrate. The luminescence originates from electron-hole recombination at the band edge. The exact emission energy depends on the particular diameter and chirality of the SWNT.
As shown previously [4] [5] [6] , the amplitude of PL peaks in a given spectrum depends strongly on the laser excitation energy. This is a consequence of the confinement of carriers normal to the nanotube axis. Around the circumference, the periodic boundary conditions give rise to a series of subbands. In such quasi-one-dimensional systems, the density of states as a function of energy has a series of sharp peaks, each of which is associated with a particular subband. Due to the high density of states, optical spectroscopy is very sensitive to allowed transitions between these sharp quasi-singularities. Tuning the laser excitation energy to resonate with such a singularity causes enhanced optical absorption, ultimately causing enhanced optical emission. As in the non-resonant case, the luminescence occurs after carriers relax and recombine at the lowest energy singularity.
To compare with previously published PLE maps for micelle-encapsulated SWNTs [4, 5] , Fig. 3a shows a color plot of the PL intensity as a function of emission energy and laser excitation energy for SWNTs suspended in air. The data are plotted on a linear color scale normalized to the highest peak. Several peaks can be clearly seen, each corresponding to a given SWNT species, with a specific diameter and chiral-FIGURE 2 Photoluminescence spectrum obtained from a large ensemble of suspended nanotubes. This spectrum was taken in air at room temperature with 1.0 mW laser excitation at 532 nm. The laser was focused to a 100 µm diameter spot, sampling ∼ 10 4 pillars, and thus a comparable number of suspended SWNTs
